A novel WS2-graphite dual-ion battery (DIB) is developed by combining together a conventional graphite cathode and high-capacity few-layer WS2 flakes anode. The WS2 flakes are produced by exploiting wet-jet milling (WJM) exfoliation, which allows mass production of few-layer WS2 flakes in dispersion, with an exfoliation yield of 100%. The WS2-anodes enable DIBs, based on hexafluorophosphate (PF6 Today more than ever, electrical energy storage (EES) technologies are playing a pivotal role in transportation 1,2 and on-grid application. 3 Moreover, advanced EES systems are considered for new-generation grids to effectively face the energy harvesting from intermittent renewable sources and the energy production/deployment spike leveling. 4,5,6 Among the EES systems, Liion batteries (LIBs) 7, 8, 9 are used in high-end mobile electronics 1,10 and electric vehicles.
Abstract
A novel WS2-graphite dual-ion battery (DIB) is developed by combining together a conventional graphite cathode and high-capacity few-layer WS2 flakes anode. The WS2 flakes are produced by exploiting wet-jet milling (WJM) exfoliation, which allows mass production of few-layer WS2 flakes in dispersion, with an exfoliation yield of 100%. The WS2-anodes enable DIBs, based on hexafluorophosphate (PF6 -) and lithium (Li + ) ions, to achieve charge specific capacities of 457, Today more than ever, electrical energy storage (EES) technologies are playing a pivotal role in transportation 1,2 and on-grid application. 3 Moreover, advanced EES systems are considered for new-generation grids to effectively face the energy harvesting from intermittent renewable sources and the energy production/deployment spike leveling. 4, 5, 6 Among the EES systems, Liion batteries (LIBs) 7, 8, 9 are used in high-end mobile electronics 1,10 and electric vehicles.
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Furthermore, their integration in small-to-mid size stationary storage is believed to be a valid alternative to traditional technologies, including lead-acid battery, 12,13 flywheels 14 and small hydropower system. 15 However, the energy/power density and energy cost requirements for future electric vehicles and stationary storage are becoming stringent, as these applications are hitting the mass market. 11 In particular, volumetric and gravimetric energy densities superior to 300 Wh L -1 and 250 Wh kg -1 , respectively, and a cost inferior to $130/kWh are pursued in the manufacturing of future full-electric vehicles. 1,2, 16, 17 In the meanwhile, stationary applications, referred to kW/MW/GW worth systems will require battery manufacturing cost limited to $100s/kWh and a cycle-ability extended to thousands of charge-discharge (CD) cycles. 18 These challenges are progressively expanding the research on LIBs alternatives, 19 including Na-ion 20 and K-ion 21 , which could address the concerns for Li abundance and costs, 20, 21 or Li-S 22,23 and
Li-air batteries 22, 24, 25 , which are promising for their use in ultrahigh energy density systems. 22, 24 In this context, dual-ion batteries (DIBs) represent a novel electrochemical energy storage architecture. 26, 27, 28 These batteries are able to operate across a wider voltage window (above 4 V, depending on the materials and electrolytes used) 29 compared to the ones based on common chemistries (i.e., ~3.3 V/3.6 V/3.7 V for LiFePO4-/LiCoO2-/LiMn2O4-based commercial LIBs). 1, 7, 8, 9 Moreover, differently from standard LIBs, which are based on the so-called "rocking chair" mechanism (i.e., the migration of metal cations between cathode and anode host materials during charge/discharge (CD) process), 7, 8, 9 in the typical CD process of a DIB, the electrochemically stable cations (Li + , Na + , K + ) 29, 30, 31, 32, 33, 34, 35, 36, 37 29, 30, 31, 32, 33, 34, 35, 36, 37 are simultaneously intercalated/de-intercalated into/from anode and cathode, respectively. Experimentally, only a few materials have been reported to host anions reversibly, and thus being able to work as suitable cathodes for DIBs. In fact, the cathode material must have interstitial sites to accommodate the anions, while positive electric charges are transferred to the host lattice via the external circuit. 38, 39, 40 For these reasons, graphite, being formed by stacked graphene layers with an interlayer d spacing of ~3. 35 Å 41 , is the most consolidated cathode for DIBs. 26, 27, 28 Recently, "nongraphitic chemistries" (e.g., redox-active metal-organic frameworks, 38 polycyclic aromatic hydrocarbon molecular solid, 40 nitrogen-containing organic host lattice 42 and organic-derived nitroxide radicals 43, 44 ) have also been proposed to increase the CD reversibility, which is negatively affected by the decomposition of conventional electrolyte solvent at the anionintercalating potentials of graphite (> 4.5 V vs. Li + /Li 38, ). 29, 30, 31, 32, 33, 34, 35, 36, 37 Vice versa, any anode materials suitable for metal-ion batteries can be, in principle, adopted for DIBs. 26, 27, 28 Typically, graphite is also used as anode in DIBs due to its low cation-intercalating potential (< 68, 69, 70, 71, 72, 73, 74 This value is higher than the theoretical reversible specific capacity of graphite anodes (372 mAh g -1 for the end-compound LiC6), 75, 76, 77 for which Li storage is limited by sites within a sp 2 hexagonal carbon structure. 75, 76, 77 In addition, further de-lithiation of the electrode leads to the formation of elemental S domains, while metallic W is maintained as an electrochemically inert buffer. 68, 69, 70, 71, 72, 73, 74 The coexistence of these two elements at the discharged state of the electrode entails a dual advantage.
Firstly, metallic W buffer positively affect the overall electronic conductivity in the electrode and secondly, elemental S, formed after the first WS2 lithiation/de-lithiation loop, 68, 69, 70, 71, 72, 73, 74 participates to further charge/discharge loops that are relevant for DIBs. These latter loops guarantees, in principle, a higher, compared to the first lithiation reactions of WS2, theoretical Production and characterization of WS2 flakes. As schematically illustrated in Figure 1 , the WJM exfoliation process comprises a first step of preparing a dispersion of WS2 powder with Nmethyl-2-pyrrolidone (NMP) as dispersant solvent, and a subsequent step of exfoliation of the dispersed WS2 flakes during their exposure to the hydrodynamic forces generated through highpressure (250 MPa) compression of the dispersant fluid phase, as applied by an hydraulic piston. 84 Afterward, the sample is cooled down in form of a liquid dispersion by means of a chiller.
Additional details are reported in Experimental Section and Supporting Information (Figure S1 ), as well as in our recent work. 84 In order to evaluate the effectiveness of the WJM exfoliation of Raman spectroscopy permit to evaluate the structural properties of the as-produced WS2
flakes. 87,88,89,90, Figure 2e shows the UV-Vis absorption spectrum of the 1:100 diluted WJMexfoliated WS2 flakes dispersion. The two characteristic peaks at ~625 nm and ~525 nm arise from direct transition from the valance band of the 2H phase of WS2, which is split by spin-orbit interaction, 87, 88, 89, 90 to the conduction band at the K-point of the Brillouin zone, known as the A and B transitions. 91, 92 The peaks located at ~415 and ~450 nm arise from the C and D interband transitions between the density of states peaks in the valence and conduction bands. 91, 92, 93 Figure   2f reports the Raman spectrum of the as-produced WS2 flakes and the one of the WS2 powder.
Typically, the Raman spectrum of WS2 consists mainly in three peaks: the first-order modes at the Brillouin zone center E 1 2g(Γ) and A1g(Γ), which involve the in-plane displacement of W and S atoms and the out-of-plane displacement of S atoms, respectively; 88,90,94 the second order longitudinal acoustic mode at the M point, 2LA(M). 88, 90, 94 The E 1 2g(Γ) of single-/few-layer flakes of WS2, located at ~421 cm -1 , is stiffened compared to the one of bulk WS2 powder, which is found at ~419 cm -1 . The blue-shift of the E 1 2g(Γ) mode in WS2 flakes is a consequence of the reduced dielectric screening of long-range Coulomb interaction compared to the bulk WS2 powder. 88, 90, 94 Although the 2LA(M) overlaps the E 1 2g(Γ), the multi-peak Lorentzian fitting clearly separates their individual contributions, as shown in Figure 2f . The analysis of the 2LA(M) and A1g(Γ) peak intensity ratio, i.e., I(2LA)/(IA1g), has been reported as a spectroscopic tool to assess the single-/few-layer composition of WS2 samples. 95 In our case, the spectra analysis estimates I(2LA)/(IA1g) values ~0.3 in WS2 powder and ~1.6 in WJM-exfoliated WS2 flakes. These values correspond to those measured for bulk WS2 (< 0.5) 95 and single-/few-layer WS2 flakes (> 0.5), 95 respectively.
Raman statistical analysis is reported in Supporting Information ( Figure S2 ). This result, together with morphological TEM and AFM analysis, indicates that WJM exfoliation process breaks effectively the weak van der Waals force of the pristine WS2 flakes without deteriorating the covalent bonds within each layer, i.e., their crystal structure. X-ray photoelectron spectroscopy (XPS) measurements are carried out to ascertain the elemental composition of the WJM-exfoliated WS2 flakes, i.e. their chemical quality. Figure 2g reports the W 4f and W 5p XPS spectrum of WS2
flakes, together with their deconvolution. The peak at the lowest binding energy, i.e., 32.9 eV, is assigned to W 4f7/2. 96, 97 The peak at a binding energy of ~35 eV is fitted with two components. The first component peaked at 35.1 eV is assigned to W 4f5/2 of the 2H-phase of WS2, while the second one at 35.9 eV is associated to W 4f7/2 of oxidized species (i.e., WO3). 97, 98 Lastly, the third peak, at a binding energy of ~38 eV, is also fitted with two components. The first one at ~38.1 is assigned to W 4f5/2 of WO3, 97, 98 while the second one peaked at 38.4 eV is assigned to W 5p3/2 of WS2. 96, 97 Notably, the oxides-related peaks correspond to a percent content of oxide less than 20%, which means that the WJM exfoliation process does not remarkably affect the chemical quality of the WS2 powder. In fact, WJM exfoliation avoids long-lasting local high-temperatures (of the order of thousands K) 99 are sequentially attributed to: 1) the solid electrolyte interface (SEI) formation at the WS2 Figure 3b shows the CV curves (measured after CV curves shown in Figure 3a ) at various voltage scan rates (from 0.5 to 2 mV s -1 ). The intensities of the redox peaks scale with the square root of the scan rate, as expected for diffusion-limited faradaic processes. 106 The CD profiles, as obtained from galvanostatic cycling, well agree with peaks position and intensity as obtained from CV analysis (Figure 3c ). The sloping profile of the first discharge occurring between 1.5 and 1. Figure 3a) . It is worth noting that both soluble high-order polysulfides (Li2Sn, 3 ≤ n ≤ 8) and insoluble sulfides Li2S2/Li2S are formed after the first lithiation cycles of WS2. Therefore, the subsequent CD loops of such species resemble the redox chemistry of cathode in Li-S batteries. 22, 23 In such systems, the dissolved Li2Sn shuttle between the anode and cathode during the charge/discharge processes involving side reduction reactions with lithium anode and re-oxidation reactions at the cathode. These issues can negatively affect both the use of active material and the cycling stability. Figure S3 shows the cycling behavior of the WS2-anode over more than 100 CD cycles, indicating a satisfactory discharge capacity retention (97.1% after 100 CD cycles). Figure 3d shows the first cycles of the CV curves of the cathode based on graphite (graphite-cathode), as measured in the same half-cell configuration adopted previously for WS2-anode. The several oxidation peaks in the potential between 4.7-5.3 V vs. Li + /Li (indicated by blue arrows) corresponds to the staged phase transformation of graphite due to PF6 − intercalation, in agreement with previous studies. 26, 27, 28 During the cathodic scan (Figure 3d ), reduction peaks (indicated by red arrows) are observed due to the de-intercalation of PF6 − from the graphite. 26, 27, 28 Noteworthy, irreversible faradaic processes, due to the electrolyte oxidation, are not occurring at potentials above 4.5 V vs. and 84.1% of the initial discharge capacity after 100 and 500 CD cycles, respectively, which is promising for the development of stable DIBs. The WS2-graphite full-cell DIB is shown in Figure 4 . The WS2-graphite DIB working mechanism is illustrated in Figure 4a , being based on the combination of previously characterized WS2-anode and graphite-cathode in the LiPF6/EC:EMC electrolyte. (Figure S5a) , respectively. These specific discharge capacities values are higher than those obtained by using WJM-exfoliated WS2 flakes (Figure 3c ). The higher electrical conductivity of the 1T phase compared to the 2H one also improves the performance of the WS2-graphite DIB, which achieves a specific discharge capacity of ~92 mAh g -1 at 0.1 A g -1 ( Figure S5b ). This value corresponds to a ~11% increase of the specific capacity compared to the one obtained by using WJM-exfoliated WS2 flakes. After 10 cycles, the specific capacity is retained at 70 mAh g -1 (Figure S5c ). At higher current rates, i.e., 0.2, 0.3 and 0.5 A g -1 , the specific discharge capacities are 75, 60 and 54 mAh g -1 , respectively.
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Conclusions. In summary, our work reports the development of a novel WS2-graphite dual-ion battery (DIB) combining together a conventional graphite cathode and high-capacity few-layer WS2 flakes anode. The few-layer WS2 flakes are produced by exploiting wet-jet milling (WJM)
exfoliation. This technique allows production rate of WS2 dispersion up to 8 L h -1 at concentration of 10 g L -1 , 84 with an exfoliation yield of 100%, proving an outstanding scalability in comparison to any other techniques used for the exfoliation of transition metal dichalcogenides (TMDs). 84 The WJM-exfoliated flakes show excellent morphological, structural and chemical properties, without requiring post-production purification step, such as sedimentation-based separation, 130, 102 as typically applied for 2D-material dispersion produced by liquid-phase exfoliation (LPE). 101, 102 In particular, few-layer WS2 flakes display lateral dimension up to ~2 m (log-normal distribution peaking at ~400 nm), crystalline retention with respect to the native bulky powder and limited content of oxides (percentage content < 20%). When used as DIB anodes, the few-layer WS2 flakes achieved specific reversible capacities of 457 and 169 mAh g -1 at the current rates of 0.1 and 1 A g -1 , respectively. These values overcome most of the conventional DIB-anodes, mainly based on graphite and metal. 26, 27, 34, 48, 49 In addition, the coupling of few-layer WS2 flakes as anode with graphite-based cathode allows the realization of DIBs operating in the 0-4 V range, with an average value of ~2.4 V. It is worth noting that when WS2-anodes are applied into lithium-ion batteries (LIBs) using commercial cathode as LiFePO4 or LiCoO2, 7 the operating average cell voltage is expected to be less than 1 V for LiFePO4 and 1.6 V for LiCoO2, as a consequence of the high operating discharge potential of WS2-anode in full device (~1. LIBs. 69, 70, 78, 135, 136, 137, 138, 139, 140 These results could be directly exploited by the DIB architecture in an attempt to improve the anode conductivity. The full potential of WS2, as well as of other TMDs, 141 will be evaluated by new insight and technical progress towards commercial DIBs. Our work rationalizes the use of WS2, which is representative of the entire class of the TMDs, as possible candidate for the realization of high specific capacity DIBs.
Methods
Wet jet milling process. As schematically illustrated in Figure S1 , the wet-jet milling system makes use of a high-pressurized jet stream to homogenize and exfoliate the sample, i.e., a layered material. More in detail, a hydraulic mechanism and a piston supply the pressure in order to direct the mixture of solvent and layered crystals into the reactor, where the exfoliation is performed.
Immediately after the processing in the reactor, the sample is cooled down by means of a chiller ( Figure S1a ). The reactor consists in a set of five different drilled disks, which form a set of interconnected channels ( Figure S1b ). The configuration of the disks divides the flow in two streams (Disk A), which subsequently collide in a single point. Immediately after the collision, the flow passes through the nozzle (a perforated 0.1 mm hole, Disk B). The piston takes 10 mL of the mixture solvent/layered material from the container and triggers it towards the reactor. The process is repeated n times (n = total volume to process/piston chamber volume) until to the total volume is processed. The shear forces, the implosion of cavitation bubbles and the drastic pressure changes are the phenomena that promote the sample exfoliation in the reactor. 84 The time during which the flakes are subjected to exfoliation is less than one second, 84 compatibly with industrial volume production.
Exfoliation of WS2 powder. WS2 powder (particle size < 2 μm, 99%, Sigma Aldrich) is exfoliated by both WJM 84 and Li-intercalation method (chemical exfoliation). 125, 126, 127 WJM exfoliation permits to obtain WS2 nanoflakes, maintaining the natural 2H phase of the native powder. 
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Wet-jet milling apparatus Figure S1 reports the schematic illustration of the wet-jet milling (WJM) apparatus. Figure S1a shows the flow of the WJM-exfoliation process, while Figure S1b Cycling stability of the WS2-anode Figure S3 shows the cycling behavior of the WS2-anode over more than 100 cycles. The reversible capacity retained 97.1% of its initial value after 100 CD cycles. Figure S4b shows the cycling behavior of the graphite-cathode over 500 cycles. The reversible capacity retained 95.6% and 84.1% of its initial value after 100 and 500 CD cycles, respectively.
Electrochemical characterization of WS2-anode and WS2-graphite dual-ion battery using metallic 1T-WS2 flakes Figure S5 reports the electrochemical characterization of the WS2-anode and WS2-graphite dualion battery (DIB) using metallic 1T-WS2 flakes produced by chemical exfoliation (i.e., Liintercalation method) of the WS2 powder. Figure S5 . Electrochemical characterization of the WS2-anode and the WS2-graphite DIB using metallic 1T-WS2 flakes. a) CD curves of WS2-anode in LiPF6/EC:EMC at different current rates. b) CD curves WS2-graphite DIB at different current rates. c) Discharge capacity retention over 11 CD cycles.
LiPF6 solution in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (volume ratio, 1:1) (LiPF6/EC:EMC) is used as electrolyte. As shown in Figure S5a , the WS2-anode delivers specific discharge capacities of 896, 650, 475 and 340 mAh g -1 at 0.1, 0.3, 0.6 and 1.0 A g -1 , respectively.
The WS2-graphite DIB achieves a specific discharge capacity of ~92 mAh g -1 at 0.1 A g -1 ( Figure   S5b ), which correspond to a ~11% increase of the specific capacity obtained by using WJMexfoliated WS2 flakes. At higher current rates, i.e., 0.2, 0.3 and 0.5 A g -1 , the specific discharge capacities are 75, 60 and 54 mAh g -1 , respectively. After 10 cycles at 0.1 A g -1 , the specific capacity is retained at 70 mAh g -1 ( Figure S5c ). 
Additional considerations on the use of WS2-anodes in LIBs and
